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In-plane multi-q magnetic ground state of Na3Co2SbO6
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Na3Co2SbO6 is a potential Kitaev magnet with a monoclinic layered crystal structure. Recent investigations
of the C3-symmetric sister compound Na2Co2TeO6 have uncovered a unique triple-q magnetic ground state, as
opposed to a single-q (zigzag) one, prompting us to examine the influence of the reduced structural symmetry
of Na3Co2SbO6 on its ground state. Neutron diffraction data obtained on a twin-free crystal reveal that the
ground state remains a multi-q state, despite the system’s strong non-C3-symmetric anisotropy. This robustness
of multi-q orders suggests that they are driven by a common mechanism in the honeycomb cobaltates, such as
interactions beyond the bilinear order. Spin-polarized neutron diffraction results show that the ordered moments
are entirely in plane, with each staggered component orthogonal to the propagating wave vector. The inferred
ground state appears more compatible with the so-called XXZ easy-plane anisotropy than the Kitaev anisotropy,
and features unequal ordered moments reduced by strong quantum fluctuations.
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Magnetic frustration arises from competing interactions
between localized magnetic moments, or spins, leading to
a vast degeneracy of classical ground states and suppressed
order formation in quantum systems [1–3]. Acquiring pre-
cise knowledge of the order parameter can provide valuable
insights when a frustrated magnet attains order. However,
obtaining such information can be challenging. The Kitaev
honeycomb model [4] has garnered interest due to its unique
magnetic frustration properties, exact quantum solvability,
and potential applications in topological quantum computa-
tion [5]. Significant research progress in materializing the
Kitaev model has been made [5–10], with 3d cobaltates re-
cently emerging as promising materials [11–15].

Two key factors driving research interest in honeycomb
cobaltates are the appealing theoretical expectation of weak
non-Kitaev interactions [11,12] and the growth of large, high-
quality single crystals [16–19]. However, some cobaltates
have recently been argued to be better described as easy-
plane anisotropic (XXZ) rather than Kitaev magnets [20–23].
The compound Na3Co2SbO6 (NCSO) has nevertheless been
considered to exhibit significant Kitaev interactions [23] and
potential spin-liquid behavior [13,24]. Furthermore, NCSO is
a structurally well-defined and clean material [25], which are
traits making it valuable for in-depth studies aiming to avoid
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the structural complications recently found in α-RuCl3 [26]
and Na2Co2TeO6 [27].

In candidate Kitaev materials, including cobaltates, the an-
tiferromagnetic order of zigzag ferromagnetic chains, dubbed
the zigzag order, is widely regarded as the predominant form
of magnetic ground state [17,28–31]. The zigzag order is char-
acterized by a single propagating wave vector (q) at one of
the M points of the hexagonal Brillouin zone (BZ). However,
recent research on Na2Co2TeO6 has unveiled a surprising
triple-q ordered state [32–37]. Despite ongoing debate about
its relevance [38–40], the triple-q state can be identified as
a superposition of three single-q zigzag components rotated
by 120◦ from one another [32,41]. Theoretical studies sug-
gest that a multi-q state can become energetically favorable
over a zigzag state when spin interactions beyond the bi-
linear order are present [33,42–45]. While the multi-q state
in Na2Co2TeO6 preserves the lattice C3 rotational symmetry
about the c axis, it remains unclear whether the state is neces-
sarily C3 symmetric or can be stable even in a lower-symmetry
setting, potentially due to the prominence of the higher-order
interactions.

In this Letter, our investigation of NCSO addresses two
crucial questions: whether the system is better characterized
as an XXZ rather than a Kitaev magnet, and whether the lack
of C3 symmetry is compatible with the formation of multi-q
order. Using neutron diffraction on a twin-free crystal, we
reveal the presence of two, rather than one, or three, zigzaglike
antiferromagnetic components in zero field. We show that
the two components belong to the same multi-q (double-q)
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FIG. 1. Neutron diffraction on a twin-free crystal measured on
SENJU [48] at 2 K and in zero field. Data are averaged from
(H, K, 2.9) to (H, K, 3.1) in reciprocal lattice units (r.l.u.). The
hexagon indicates the 2D Brillouin zone (BZ), which is elongated
along (1,0,0) due to the monoclinic inclination of the c axis (β =
108.6◦). Magnetic peaks are observed at (H, K ) = (1/2, ±1/2) but
not at (0,−1). The washboardlike texture is due to small gaps
between detectors. The extra signals near the upper-left edge are
background from the magnet.

order parameter, the critical evidence being that their signal
ratio remains unchanged after the system is trained by strong
in-plane magnetic fields along a low-symmetry direction.
Spin-polarized neutron diffraction further demonstrates that
the staggered spins in each zigzag component lie entirely in
plane and perpendicular to the staggered wave vector, which
is more compatible with the XXZ model than the Kitaev
model. Superimposing the components as revealed by the
spin-polarized diffraction data yields a two-dimensional (2D)
noncollinear spin pattern with unequal moment sizes. Since
the reduction of classically ordered moments is a hallmark of

quantum fluctuations, our results render NCSO as a promising
system for exploring spin-liquid physics.

The space group of NCSO is C2/m (No. 12) [17,25], the
same as that of α − RuCl3 at high temperatures [26,28,46],
with lattice parameters [a, b, c] = [5.371, 9.289, 5.653] Å
and α = γ = 90◦, β = 108.6◦. Further structural details and
reciprocal-space notations are presented in the Supplemental
Material [47]. Figure 1 displays our data obtained at tem-
perature T = 2 K on the SENJU time-of-flight white-beam
diffractometer [48] using a 6-mg twin-free crystal [25], cov-
ering the (H, K, 3) reciprocal plane. In zero field, we observe
magnetic Bragg peaks at only two of the three M points of
the pseudohexagonal BZ: at (1/2, 1/2, 3) and (1/2,−1/2, 3),
but not at (0,−1, 3). This finding is consistent with previous
reports using twinned crystals [17,25]. Our complete data set
verifies the absence of magnetic peaks at (0,±1, L) or other
symmetry-related positions in higher-index 2D BZs over a
wide range of L values.

Figure 2 demonstrates that the above result is in principle
consistent with both a zigzag and a multi-q ordered state.
In the zigzag scenario, magnetic Bragg peaks at (H, K ) =
±(1/2, 1/2) and ±(1/2,−1/2) originate from two types of
domains (excluding time reversal). They are related by a 180◦
rotation about the b axis (C2,b), which is a crystallographic
symmetry, and are thus expected to coexist in a macroscopic
sample. In the multi-q scenario, the ordering pattern can
be regarded as a superposition of the two zigzag patterns
just considered, with all magnetic Bragg peaks emerging
simultaneously. The nonzero structure factors at only two
instead of all three M points are consistent with the sys-
tem’s monoclinic symmetry, where the two M points form a
symmetry-enforced wave vector star. The lack of a diffrac-
tion peak at the third M point marks the absence of the
second harmonic (Fig. 2) of the magnetization modulations.
It makes the spin pattern deviate from the C3-symmetric one

FIG. 2. Left half: Schematic spin patterns of two types of zigzag domains and of the multi-q order. The spin orientations are constrained
by our spin-polarized diffraction data in Fig. 4. Dashed lines indicate a magnetic primitive cell. Lower-left insets show the applied-field (H)
direction in the crystallographic coordinate system, and lower-right the 2D structural (gray hexagon) and magnetic (solid polygon) Brillouin
zones and locations of the magnetic Bragg peaks. Right half: Expected field-training results observable by magnetic neutron diffraction, under
the zigzag and multi-q scenarios. See the text for a detailed explanation.
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FIG. 3. (a) Schematic of diffraction peaks in reciprocal space. We use an orthogonal coordinate system spanned by the ab plane and its
normal direction, and project magnetic diffraction peaks onto the M points (blue) and the “ 2

3 M points” (red) of the 2D BZ [25] shown at the
bottom. Magenta hexagons indicate monoclinic BZ boundaries at L = 1 and 2. The cyan plane indicates the momentum slice displayed in
(b)–(i), where the data are obtained on SENJU [48] at T = 2 K with the field applied and removed in the displayed order. The field direction is
indicated in Fig. 2. The observed magnetic peaks, upon their first appearance, have the following (H, K, L) indices: (b), (c) (1/2, 1/2, 1) and
(1/2, −1/2, 1); (d) (1/3, −1/3, 4/3); and (e) (1/3, 1/3, 4/3).

proposed in Ref. [32], likely owing to NCSO’s strong in-plane
anisotropy [25].

To distinguish between the two-domain zigzag and the
double-q scenarios, we study the impact of training the sample
in an in-plane magnetic field applied in a direction rotated
30◦ from the b axis (Fig. 2). Magnetic diffraction peaks are
monitored in a momentum plane indicated by the cyan plane
in Fig. 3(a). Peaks will be identified by their in-plane compo-
nents (Qa, Qb) [see Fig. 3(a) and Fig. S1 [47] for schematics
of our notations after previous work [25]]. Before we discuss
the data, it is useful to see why the magnetic field should
affect the two types of zigzag domains differently. The locking
between the spin and the wave-vector directions, enforced
by spin-orbit effects [11–13], plays an important role here.
For the domains illustrated in Fig. 2, the difference arises
from the fact that one type of domain can slightly lower its
energy in the field by spin canting towards the field direction,
whereas the other type cannot. Although we will later show
that the specific spin orientations in Fig. 2 are corroborated
by spin-polarized neutron diffraction data, we emphasize that
the difference in the field’s influence is generically enforced
by (the lack of) symmetry: With the field applied, the C2,b

symmetry connecting the two types of domains becomes bro-
ken, so there is no longer a symmetry to protect the domains’
energy degeneracy. As an aside, while the zigzag domains
proposed in Ref. [17], with all spins lying parallel to the b
axis regardless of the zigzag-chain orientation, might appear
degenerate in the field, the degeneracy is at best coincidental
and not symmetry enforced (moreover, the b-axis spin direc-
tion contradicts the lack of spin-flip signal in Fig. 4).

Figure 3 presents the result of our field-training experiment
at T = 2 K. We stress that the key observation here is not
about unequal impacts on the two pairs of magnetic diffraction
peaks when the field is on, but about the remnant effect of

a sufficiently large field applied and then removed. Domains
repopulated by the field are expected to be persistent [49]
since T is far below the ordering temperature TN ≈ 7 K, and
because kBT is far below the spin-wave anisotropy gap of
2 meV [39]. With the locking between the spin and the wave-
vector directions, the zigzag scenario is expected to have one
type of domain noticeably depopulated after training, whereas
the multi-q scenario should definitely return to its original
state. We have selected measurement field strengths matching
the known phase boundaries at 0.53, 0.73, and 0.91 T for our
field direction [25]. Fields above 0.91 T drive the system into
a ferromagnetic state, indicated by the enhanced scattering at
the zone center [Fig. 3(f)], which coincides with a structural

FIG. 4. Momentum scans perpendicular to the ab plane, mea-
sured on HYSPEC [52] at 0.3 K with polarized neutrons on a twinned
sample. Spin-flip (SF) and non-spin-flip (NSF) data have been cor-
rected by the flipping ratio [47]. See Fig. 3(a) and Fig. S1 in the
Supplemental Material [47] for the definition of Q⊥.
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Bragg peak, and by the disappearance of the antiferromag-
netic peaks. This underscores the strong competition between
ferro- and antiferromagnetism of the system [25]; in fact, all
the previously identified phases and peak indexing [25] are
corroborated by the data. For details, see the caption of Fig. 3.
Thus, if the antiferromagnetic order is single-q, decreasing the
field from above 0.91 T should strongly favor the formation of
one type of domains over the other.

In a nutshell, our data reveal that the field training has min-
imal impact. The crucial observation, comparing Figs. 3(b)
and 3(i), is that both of the M-point diffraction peaks remain
present after training. At the end of the training, in Fig. 3(i),
the upper and lower peaks have a raw intensity ratio of about
1:8. Since the peaks are produced by neutrons with wave-
lengths λ = 1.24 and 3.5 Å, respectively, after correcting for
the Lorentz factor (∝d2λ2 [50], where the d spacings are
equal), the physical intensities are nearly equal. The upper
peaks in Figs. 3(b)–3(d) appear weaker than in Figs. 3(h) and
3(i) because they partially fell outside the detector boundary,
an issue that was subsequently resolved. More information on
our measurement conditions can be found in the Supplemental
Material [47].

In addition to the lack of training effects, the behaviors at
nonzero fields are against a single-q interpretation. Clearly,
the field has distinct influences on the two single-q compo-
nents, as evident from the multistep switching [25] of the
associated diffraction peaks in Figs. 3(c)–3(e) and Figs. 3(g)–
3(i). Yet, when the system is driven into, and out of, the
field-induced ferromagnetic state [Figs. 3(e)–3(g)], the transi-
tion occurs in a single step. Moreover, diffraction peaks are
seen on both of the “ 2

3 M points” when the system is back
in the antiferromagnetic state [Fig. 3(g)]. These behaviors
contradict the single-q scenario, in which the energies of the
two domains are expected to be different in the applied fields.
Hence, while we mainly focus on the order in zero field,
there is evidence that all of the antiferromagnetic orders at
intermediate fields [25] are of multi-q nature. Further diffrac-
tion and magnetization measurements on twin-free crystals
support these findings (Figs. S2 and S3 in the Supplemental
Material [47]).

Having obtained evidence of the multi-q nature, our next
goal is to determine the ordered spin configuration. We first
note that the multi-q order must comprise zigzag components
that are collinear before their superposition. Noncollinearity
would require a “stripe” or “Néel” component admixture [47],
leading to nonzero diffraction peaks at additional 2D wave
vectors [51] that are not observed in experiments [25]. Thus,
we focus on identifying the staggered spin direction within
a single zigzag component, optimally achieved using spin-
polarized neutron diffraction.

In Fig. 4, we show diffraction data obtained at T = 0.3 K
on an array of twinned crystals, using vertically spin-polarized
neutrons on the HYSPEC spectrometer [52]. The crystals’
shared c∗ axis lies in the horizontal scattering plane, making it
the reciprocal plane (K, K, L), (K,−K, L), or (0, K, L), each
for about one third of the crystals in the array. We continue
to use Q⊥ in the orthogonal (Qa, Qb, Q⊥) notation [25], illus-
trated in Fig. 3 and Fig. S1 in the Supplemental Material [47],
for the horizontal axis. A zigzag component generates a series
of diffraction peaks at the same 2D M point in the scattering

plane, such as (1/2, 1/2, 1). These monoclinic indices are
labeled in the figure. Peaks from the first two aforementioned
crystallographic twins are accessible, whereas the third has
no magnetic reflections (Fig. 1) in the scattering plane. An
illustration of the scattering geometry can be found in Fig. S4
[47]. Spin components in the scattering plane produce spin-
flip diffraction signals, while those perpendicular to the plane
produce non-spin-flip signals. Figure 4 shows that all mag-
netic diffractions are non-spin-flip, indicating that the spins
in the zigzag components associated with the measured M
points lie perfectly vertical in the laboratory frame, which is
a direction in the honeycomb plane and perpendicular to the
2D M-point wave vectors, irrespective of the crystallographic
twin origin of the signal. Consequently, we arrive at the zigzag
components’ spin orientations depicted in Fig. 2. The full
ordered spin configuration is obtained by superimposing the
two zigzag components.

The double-q magnetic structure in Fig. 2 is noncollinear
because of a particular choice of the collinear spin orienta-
tions in the two constituent zigzag components. Importantly,
as spins in the two components on the same sites are either
60◦ or 120◦ apart, their vector superposition results in two
distinct spin magnitudes (

√
3 : 1, each occupying half of the

sites) in the double-q structure. An alternative way to view
the magnetic structure is to decompose it into four sublattices
made of third-nearest-neighbor bonds, which have recently
been suggested to possess significant antiferromagnetic inter-
actions [34,53]. As shown by the dashed hexagon in Fig. 2,
each of the sublattices forms collinear Néel order, and the
noncollinear double-q structure is a peculiar “anticollinear”
combination of the sublattices. In this view, while the sum of
bilinear interactions between the sublattices vanishes, just as
in the classic example of an antiferromagnetic J2-dominated
square-lattice model [54], a noncollinear arrangement can be
favored by nonbilinear interactions [55]. Although concep-
tually useful, this four-sublattice picture cannot explain the
different magnitudes of the spins, and there is no guarantee
that the third-nearest-neighbor interactions in NCSO domi-
nate over the nearer-neighbor ones.

The zero-field magnetic structure of NCSO holds impor-
tance for several reasons. First, the structure is double-q
(Fig. 2) instead of triple-q, likely due to the strong magnetic
in-plane anisotropy of NCSO [25]. The surprising robustness
of the multi-q order, despite the system’s seemingly unfa-
vorable symmetry, suggests that the order is stabilized by
favorable nonbilinear interactions [33,42]. Second, the or-
dered spins are all in plane, compatible with XXZ anisotropy
of the interaction model. Since extended Kitaev models with
possible off-diagonal terms feature three-dimensional prin-
cipal axes pointing out of plane [56], they would need a
significant coincidence to form purely in-plane ordering.
Based on data of quality similar to those in Fig. 4, we have
confirmed that the field-induced states also feature in-plane
ordering, exemplifying the degree of the coincidence. Third,
an XXZ starting point (as opposed to Kitaev) aligns NCSO
with other honeycomb cobaltates [20–23]. While this may
initially appear disadvantageous for quantum spin-liquid ex-
ploration, the experimentally observed double-q magnetic
structure exhibits significantly reduced classical moments
on half of the sites, suggesting the presence of strong
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quantum fluctuations [57] consistent with recent muon spin
rotation/relaxation (μSR) observations [58]. These fluctua-
tions likely stem from a close competition between ferro- and
antiferromagnetic ordering tendencies [13,25]. As antiferro-
magnetic order dominates at zero field, external fields could
potentially drive the system to a tipping point before reaching
the ferromagnetic state, where stronger quantum fluctuations
and/or spin-liquid behaviors might emerge, which warrant
further investigation.

In conclusion, we report experimental evidence of in-plane
multi-q magnetic order in NCSO. Our findings highlight the
importance of considering nonbilinear spin interactions and
XXZ-like anisotropy when modeling the honeycomb cobal-
tates including NCSO. Although our results may require
revisiting existing theories, NCSO remains a promising sys-
tem for investigating novel phenomena related to spin liquids.
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